The present study deals with a non-native amino acid, cis-4-hydroxy-dproline (CHDP) using density functional theory at B3LYP/6-31+G(d,p) level. The potential energy surface scan reveals the global minimum structure of CHDP along with two potential conformers. Highest occupied molecular orbital, lowest unoccupied molecular orbital, and molecular electrostatic potential surfaces are used to explain the chemical reactivity of title molecule. The atomic charge analysis has been carried out using Mulliken and natural population schemes. The equilibrium geometry of CHDP dimer has been obtained and inter-molecular interactions are explored using QTAIM and Natural bonding orbital analyses. Vibrational spectroscopic analysis has been performed on CHDP monomer and dimer at the same level of theory. Assignments to all vibrational modes up to 400 cm −1 have been offered along with their potential energy distribution to the maximum possible accuracy. The calculated frequencies are scaled by an equation, rather than by a constant factor and then compared with experimental FT-IR frequencies obtained by KBr disc and Nujol mull techniques. A number of electronic and thermodynamic parameters have also been evaluated for CHDP monomer and dimer.
PUBLIC INTEREST STATEMENT
Theoretical studies often complement experiments and provide deeper understanding of the systems from both academic and technological perspectives. In this study, we have performed a detailed study on an unnatural amino acid molecule viz. cis-hydroxy-d-proline and its dimer using density functional theory-based calculations. The structural, bonding, and electronic properties of this molecule have been explored which provide deeper insights into its chemical reactivity. The vibrational spectral features have been particularly discussed in relation to the information available in literature. In continuation to ongoing research on biologically active molecules, this paper reports computational study on various aspects of cis-hydroxy-d-proline (CHDP), an unnatural amino acid molecule. Using density functional theory, conformational analysis, inter-molecular interactions, electronic and vibrational spectroscopic properties of CHDP have been explored.
Introduction
Proline is one of the twenty DNA-encoded amino acids but unique in the way that the amine nitrogen is not bound to one but to two alkyl groups, thus making it a secondary amine. The distinctive cyclic structure of proline's side chain gives proline an exceptional conformational rigidity compared to other amino acids. It also affects the rate of peptide bond formation between proline and other amino acids. When proline is bound as an amide in a peptide bond, its nitrogen is not bound to any hydrogen because it cannot act as a hydrogen bond donor, but can be a hydrogen bond acceptor. Proline and its derivatives are often used as asymmetric catalysts in organic reactions. In brewing, proline-rich proteins combine with polyphenols to produce haze (turbidity) (Lehninger, Nelson, & Cox, 2000; Pavlov et al., 2010) .
Hydroxyproline differs from proline by the presence of a hydroxyl (-OH) group attached to the gamma carbon atom. Although, it is not directly incorporated into proteins, it comprises about 4% of all amino acids found in animal tissue, an amount greater than many other translationally incorporated amino acids (Gorres & Raines, 2010) . Furthermore, hydroxyproline is a major component of the protein collagen (Szpak, 2011) which plays key roles in collagen stability (Nelson & Cox, 2005) , permitting the sharp twisting of the collagen helix (Brinckmann, Notbohm, & Müller, 2005) . For this reason, its content has been used as an indicator to determine collagen and/or gelatin amount. Moreover, hydroxyproline-rich glycoproteins are also found in plant cell walls (Cassab, 1998) . Proline hydroxylation requires ascorbic acid. The most obvious, first effect (gingival and hair problems) of absence of ascorbic acid in humans come from the resulting defect in hydroxylation of proline residues of collagen, with reduced stability of the collagen molecule, causing scurvy. Increased serum and urine levels of hydroxyproline have also been demonstrated in Paget's disease (http://www. wheelessonline.com/ortho/pagets_disease). cis-4-Hydroxyproline is found in the toxic cyclic peptides from Amanita mushrooms (e.g. alpha-amanitin and phalloidin) (Wieland, 1986) .
Quantum chemical methods provide a lot of information about the system of chemical and/or biological interests that often complements with the experimental findings. Density functional theory (DFT) calculations provide a better compromise between accuracy and cost. In many instances, the performance of DFT functionals has been found to be in good agreement with experiments (Taşal, Sıdır, Gülseven, Öğretir, & Önkol, 2009 ) and comparable to or even better than high level ab initio method (Srivastava & Misra, 2014a) . This may explain the reason behind the popularity of DFT functionals and its extensive use in the studies of a variety of biomolecules , 2012 Kumar et al., 2015; Pandey, Siddiqui, Dwivedi, Raj, & Misra, 2011; Siddiqui, Dwivedi, Misra, & Sundaraganesan, 2007; Srivastava, Baboo, Narayana, Sarojini, & Misra, 2014; Srivastava & Misra, 2014b; Srivastava, Pandey, Gangwar, & Misra, 2014) . In present study, we perform DFT calculations on cis-4-hydroxy-d-proline (CHDP). The study is organized in following way. Section 2 provides methodology and details of calculations. Section 3, divided into five subsections, deals with the molecular geometry and chemical reactivity surfaces of CHDP, inter-molecular interactions (CHDP dimer), vibrational spectroscopic, electronic and thermodynamic properties. Finally, we conclude our study in the Section 4.
Computational details
The initial geometry of CHDP molecule is modeled by Gauss View 5.0 program (Dennington, Keith, & Millam, 2005) . This geometry is optimized without any symmetry constraint (preference) in the potential energy surface (PES) using a hybrid functional B3LYP (Becke, 1993; Lee, Yang, & Parr, 1988) in combination with 6-31+G(d,p) basis set (Petersson et al., 1988) . The vibrational IR frequency calculations are performed using optimized geometry at the same level of theory. All frequencies are found to be positive ensuring the geometry corresponding to true minimum in the PES. The calculated frequencies are scaled by an equation ν scaled = 0.9453 ν calculated + 22.1 (Alcolea Palafox, 2000; Alcolea Palafox & Rastogi, 2002) in order to account for anharmonicity of vibrations and other basis set deficiencies. In a recent investigation, we have verified the superiority of this scaling equation over constant scale factor (Srivastava et al., 2016) . The properly scaled frequencies are compared with those obtained with experimentally recorded FT-IR spectra via KBr disc and Nujol mull techniques. These FT-IR spectra are already reported in literature and adopted from SDBS website (National Institute of Advanced Industrial Science & Technology, XXXX).
All DFT calculations are performed using Gaussian 09 program package (Frisch et al., 2010) using default optimization criteria and relevant graphics are realized with the help of Gauss View 5.0. By default, Gaussian 09 uses fine grid for all DFT-based calculations. Natural bonding orbital (NBO) analysis is performed via NBO 3.1 program (Glendening, Badenhoop, Reed, Carpenter, & Weihold, 1996) as implemented in Gaussian 09. The wavefunction of CHDP is employed for quantum theory of atoms in molecule (QTAIM) analysis (Bader, 1994) which is performed with AIMAll program (Keith, 2012) .
Results and discussion

Molecular geometry and PES
The optimized structure of CHDP is displayed in Figure 1 and related geometrical parameters (bond lengths and angles) are collected in supplementary Table S1 . The molecule consists of a five-membered heterocyclic ring system attached with -OH and -COOH groups. The ring deviates from planarity (dihedral, C3-C7-C6-C2 = 31°) due to repulsion created by non-bonding electrons (lone pair) of nitrogen. The ring C6-C7 bond length is 1.53 Å which is found to be slightly changed, i.e. 1.55 Å (C3-C7) in the neighborhood of nitrogen (N1) substituted in the ring.
In order to verify whether the optimized structure belong to global minimum of molecular PES, we have considered the rotation of C3-C9 bond with respect to the ring plane, which results in the change in dihedral C6-C3-C9-O12 (which is 80° in Fig. 1 ). Therefore, we have scanned the PES along dihedral C6-C3-C9-O12 and plotted the scan curve plotted in Figure 2 . The PES scan curve clearly reveals that optimized structure ( Figure 1 ) indeed corresponds to global minimum. The CHDP conformers obtained are displayed in Figure 3 and corresponding parameters are listed in Table 1 . One can also note that there exist two energetically low lying conformers d and e. The dihedrals of d and e are approximately 60° and 100° and their relative energies are 0.4 and 0.5 kcal/mol, respectively. The ring dihedral angle of these conformers is almost equal to that of global minimum structure (difference being 1° to 2°). Their relative abundances can be calculated using Boltzmann distribution as follows, where ΔE is the relative energy of a conformer with respect to its global minimum structure and summation runs over the number of possible conformers (n). Using R = 1.987 × 10 −3 kcal/mol K and T = 298 K, we obtained, N f (d) = 0.24 and N f (e) = 0.21. Therefore, the relative abundances of conformers d and e are 24 and 21%, respectively, whereas that of global minimum structure is 47%.
Highest occupied molecular orbital, lowest unoccupied molecular orbital, molecular electrostatic potential surfaces, and charge distribution
The most important orbitals in a molecules are the frontier molecular orbitals viz. highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). These orbitals determine the way the molecule interacts with other species. The HOMO primarily acts as an electron donor and the LUMO largely acts as the electron acceptor. The HOMO and LUMO surfaces of CHDP are displayed in Figure 4 with respective energies measured from ionization continuum. One can see that the HOMO is mainly contributed by upper half of the ring including nitrogen, whereas the LUMO is delocalized over the side chains of CHDP. Thus, the transition HOMOLUMO leads to a charge transfer from the ring to the side chains.
Figure 4 also displays molecular electrostatic potential (MESP) surface of CHDP mapped over uniform electron density. The MESP surface can be used to simultaneously visualize the molecular size, shape as well as positive, negative, and neutral electrostatic potential regions in terms of the color coding. In the present case, the color code ranges between −0.062 a.u. for deepest red and +0.062 a.u. for deepest blue (see Figure 4) . One can clearly see that the most electropositive regions lie over hydrogen of the side chains. Thus, the nucleophilic attack is more prone to the side chains rather than the ring.
The charge distribution on the atoms in molecule is a feature that can be explored only theoretically. Partial atomic charges of CHDP are computed using Mulliken population analysis (MPA) (Mulliken, 1955) as well as natural population analysis (NPA) (Reed, Weinstock, & Weinhold, 1985) schemes. MPA is more popular and NPA is more reliable due to its basis set independency, i.e. NPA charges are less sensitive to the change in the basis set. Our recent investigation has also shown the reliability of NPA over various other schemes (Srivastava & Misra, 2014c) . Figure 5 plots the partial atomic charges of CHDP computed by MPA and NPA. One can note that the NPA charge values are greater in magnitude than MPA charges which is expected due to the fact that NPA assigns the maximum possible occupancy to each atom in a molecule. The carbon atoms are found to carry both positive and negative charges and the maximum value corresponds to positively charged C9. All O and N atoms possess negative charges, thus accept electrons. It is also interesting to note that the charges on hydrogen atoms have only positive values. This may explain the charge transfer from H to N, C and O atoms.
Inter-molecular interaction, NBO, and QTAIM analyses
Carboxylic acid derivatives generally possess dimeric character. The carboxylic acid dimer is formed by strong hydrogen bonding in the solid and liquid state. In order to explore the inter-molecular interaction, we have studied the formation of dimer of CHDP. The optimized structure of CHDP dimer at B3LYP/6-31+G(d,p) level is displayed in Figure 6 . We have obtained two conformer of CHDP dimer such that both CHDP molecules become parallel to each other (Figure 6(a) ) and interact perpendicularly (Figure 6(b) ). The dimer b is 2.3 kcal/mol higher in energy than conformer a. The binding energies of a and b dimeric structures are 14.3 and 12.0 kcal/mol, respectively. The geometrical parameters of CHDP dimer (a) are listed in supplementary Table S1 . In order to gain insight into intermolecular interaction, we have performed QTAIM and NBO analyses on both dimeric forms. QTAIM analysis is very popular due to its strength in describing various inter-and intra-molecular interactions. In the framework of QTAIM, these interactions are characterized and quantified with the help of some topological parameters at bond critical point (BCP) of interacting atoms. QTAIM analysis performed on CHDP dimers reveals two inter-molecular interaction viz. O34⋯H13 and O11⋯H36 in a, and three inter-molecular interactions viz. O32⋯H13, O11⋯H26, and O11⋯H28 in b (also shown in Figure 6 ). The bond-distances and BCP values of topological parameters associated with these interactions are listed in Table 2 . In dimeric form a, all hydrogen bonded interactions possess moderate strengths and partially covalent nature, as Laplacian of charge density (∇ 2 ρ) > 0 and total energy density (H) < 0 (Rozas, Alkorta, & Elguero, 2000) . On the contrary, in dimeric form b, all interactions can be characterized as weak and mainly electrostatic due to the fact that ∇ 2 ρ > 0 but H > 0 (Rozas et al., 2000) . According to Espinosa et al. (Espinosa, Molins, & Lecomte, 1988) , the interaction energy (ΔE) can be approximated as the half of the potential energy density (V). Thus, calculated ΔE values (Table 2) suggest that dimer a is relatively more stabilized due to hydrogen bonding interactions.
The NBO analysis is well appreciated for its strength to predict the hybridization of atomic lonepairs as well as of the atoms involved in bonding orbitals. The analysis can further be extended for particularly H-bonded and other van der Waal bonded complexes (Reed, Curtiss, & Weinhold, 1988) . The donor (filled) NBO σ of the Lewis structure are well adopted to describe covalency effects while non-covalent delocalization effects are associated with σ → σ* interactions where σ* denotes Note: Inter-molecular interactions are displayed by dotted blue lines.
Table 2. QTAIM parameters calculated for inter-molecular interactions in CHDP dimer
Note: All parameters are in a.u., Bond-distance in Angstrom, and ΔE is in kcal/mol. acceptor (empty) NBO of the non-Lewis structure. The second-order Fock matrix is used to describe the donor-acceptor interactions in NBO basis. The interactions result in a charge transfer (CT) from Lewis into an empty non-Lewis orbital. We have employed NBO analysis in order to explore the stabilization in CHDP dimer (a and b) caused by lone pair (n) donor and antibond (σ*) interactions. The second-order perturbation theory analysis of n → σ* interactions in the NBO basis is given in Table 3 . NBO quantifies n → σ* delocalization in terms of the perturbative energy lowering (ΔE) and the strength of the Fock interaction matrix element (F ij ) from donor to acceptor. One can note that the greatest stabilization (13.56 kcal/mol) in CHDP dimer b is caused by n 1 (O32), n 2 (O32) → σ*(O12-H13) interactions whereas analogous interaction in a, n 2 (O11) → σ*(C8-O12) stabilizes the dimer by 18.75 kcal/mol. This fact is consistent with the relatively higher energy of inter-molecular interactions in dimer a calculated by QTAIM.
A⋯B
Vibrational spectroscopic analysis
One of strengths of DFT calculations is the interpretation of the vibrational spectra of molecules to a reasonable accuracy. Some minor discrepancies between calculated (scaled) and observed frequencies may exist due to the fact that experimentally FT-IR spectra of the solid sample are recorded after dissolving in some solvents. There are two common strategies to record FT-IR spectra, KBr disc, and Nujol mull. In KBr disc technique, bands at ~3,450 and ~1,640 cm −1 may appear frequently because of the moisture in the sample. The spectra obtained by Nujol mull technique are often free of interfering bands in 4,000-250 cm −1 region, however one has to pay attention to the CH bands due to Nujol (~2,950 and 1,400 cm −1 ) during assignments. On the contrary, the calculated spectra are obtained for an isolated molecule (in the gas phase), therefore inter-molecular interactions cannot be taken into account.
In the present work, we have calculated the vibrational spectra of the lowest energy structure of CHDP (Figure 1 ) as well as its dimer (a, see Figure 6 ) in order to account for inter-molecular interactions. The choice of lowest energy structures is due to the fact that these are the most likely to be found experimentally. The calculated spectra of CHDP monomer and dimer are plotted in Figure 7 along with FT-IR spectra recorded by KBr disc and Nujol mull techniques for a comparison. This provides us an opportunity to offer a more reliable and accurate assignments to the vibrational modes of CHDP. In Table 4 , we have collected the calculated and scaled frequencies with respective intensities of CHDP monomer and dimer. All vibrational modes up to 400 cm −1 are assigned on the basis of potential energy distribution (PED) and compared with observed FT-IR wavenumbers. The PED analysis is carried out with gar2ped program (Martin, Alsenoy, & Alsenoy, 1995) . For simplicity of discussion, we classify the vibrational modes into two broad categories.
Ring vibrations
The ring vibrations mainly include CH stretching, CC stretching, and bending modes. In addition, some modes associated with substituent (N) also obtained with significant intensity. CH vibrations are generally observed in the range 3,100-3,000 cm −1 (Silverstein, Basseler, & Morill, 1981) , which are not much affected by substituent. The IR active bands at 2,993-2,888 cm −1 in monomer and 2,997-2,825 cm −1 in dimer have been assigned to pure CH stretching modes. This is consistent with correspond observed values (see Table 4 ). Most of CH stretching modes is found to be moderate or weak due to charge transfer from hydrogen to carbon atoms, as discussed in earlier section. Pure NH stretching is found to be at 3,393 cm −1 in CHDP monomer and 3,395-3,386 cm −1 in CHDP dimer. Abbreviations: ν-stretching, ρ-rocking, ω-wagging, δ-bending, τ-torsion, R1, R2-rings, G1, G2-OH and COOH groups. . In the lower frequency region, torsion modes, some ring deformation modes and various coupled vibrations have been observed. For monomer, two intense torsion modes having significant PED contributions are assigned at 695 and 586 cm −1 whereas that of the dimer at 736 and 591 cm −1 . These modes correspond to 681 cm −1 in FT-IR spectra.
Monomer
Groups vibrations
CHDP contains two groups -OH (G1) and -COOH (G2) attached to the ring. The OH stretching of G1 is obtained at 3,656 cm −1 in monomer, whereas 3,644 cm −1 in dimer. In fact, OH stretching absorption of the hydroxyl group is sensitive to hydrogen bonding. In the gas phase alcohols exhibit a sharp absorption in the 3,670-3,620 cm −1 region, whereas hydrogen bonded OH stretching occurs in the range 3,500-3,200 cm −1 . Thus, the calculated frequencies of CHDP suggest that OH of G1 does not participate in hydrogen bonding, which is reflected in its dimeric structure (see Figure 6 (a)).
The vibrations of G2 include CO and OH stretching as well as COH and COO bending. These OH bands are found to be at lower frequencies as compared to alcohols due to their involvement in hydrogen bonding. For instance, OH stretching of G2 is found to be at 3,578 cm −1 in monomer, which is reduced to 3,002 cm −1 in dimer. The IR intensity of hydrogen bonded OH is particularly high due to appreciable hydrogen bonding strengths as mentioned earlier. A similar case has already been observed by Ghalla et al. (2015) in case of 2-furanacetic acid dimer. The CO absorption bands occur in the region 1,450-1,800 cm 
Electronic and thermodynamic parameters (monomer and dimer)
The energies of HOMO and LUMO are very useful in determining many electronic parameters describing chemical reactivity of the molecules. Within the framework of Koopmans' theorem, the ionization potential (I) and electron affinity (A) are defined as the negative of energy eigenvalues of HOMO and LUMO, respectively. Furthermore, the HOMO-LUMO energy gap (E g ) helps to characterize the chemical reactivity and kinetic stability of the molecule. A large HOMO-LUMO gap can be associated with high-kinetic stability because it is energetically unfavorable to add electrons to a high-lying LUMO or to extract electrons from a low-lying HOMO and so to form the activated complexes of any potential reaction (Manolopoulos, May, & Down, 1991) . The molecular dipole moment (μ) gives a signature of geometry and charge distribution within the molecule. The molecules with higher μ are more polar and vice versa.
The calculated electronic parameters of CHDP monomer (Figure 1 ) and dimer (Figure 6(a) ) are listed in Table 5 . The ionization potential and electron affinity of CHDP dimer are slightly smaller and higher than its monomer, respectively. This may imply that CHDP dimer is relatively more reactive. This fact is further supported by its lower HOMO-LUMO gap and higher dipole moment. Table 5 also lists a number of thermodynamic parameters viz. the zero point energy (ZPE), thermal energy (E), constant volume heat capacity (C v ), and entropy (S) for monomer as well as dimer of CHDP. These 
Conclusions
Using B3LYP/6-31+G(d,p) level, we have performed a detailed study on cis-4-hydroxy-d-proline (CHDP). The global minimum structure of CHDP has been obtained by scanning the PES. HOMO, LUMO, and MESP surfaces are used to explain the chemical reactivity of title molecule. Partial atomic charges are evaluated using Mulliken and natural population schemes. The equilibrium geometry of CHDP dimer has been determined and inter-molecular interactions are studied using QTAIM and NBO analyses. Vibrational spectroscopic analysis has been performed on CHDP monomer and dimer at the same level of theory to the maximum possible accuracy. The calculated frequencies are scaled by an equation, rather than by a constant factor and compared with experimental FT-IR frequencies obtained by KBr disc and Nujol mull techniques. Various electronic and thermodynamic parameters are also calculated for CHDP monomer and dimer.
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